its 5 -triphosphate derivative. We demonstrated that acyclovir inhibits HIV in various human tissues coinfected with human herpesviruses (HHVs) [10] . However, the anti-HIV activity of acyclovir is limited by its dependence on acyclovir phosphorylation by coinfecting HHV-encoded kinases.
Here, we report on our study of acyclovir monophosphatebased prodrugs, acyclovir ProTides, with anti-HIV activities that are independent on HHV coinfection. We demonstrate that acyclovir ProTides inhibit replication of HSV-2 and HIV-1 in T cell lines. In addition, acyclovir ProTides suppress these viruses in various human tissues ex vivo that are infected with either of these viruses alone or in combination. Moreover, acyclovir ProTides suppressed HSV-2 variants that are resistant to acyclovir because of their lack of thymidine kinase activity, which demonstrates the effective intracellular delivery of the free acyclovir monophosphate.
Thus, the acyclovir ProTides described here constitute a new class of antivirals that uniquely combine 2 distinct anti-HIV strategies: direct suppression of HIV reverse transcriptase and an indirect effect through inhibition of HSV-2, a virus known to facilitate HIV infection. Importantly, they represent the first acyclic nucleosides that we know to inhibit HIV reverse transcriptase, and thus they probe new structural space in this key viral enzyme and drug target.
METHODS
Cell and human tissue culture. Human T lymphocyte MT-4 and CEM cell lines (American Type Culture Collection) were cultured in Roswell Park Memorial Institute 1640 medium (RPMI 1640) with 10% fetal bovine serum. Peripheral blood mononuclear cells (PBMCs) from healthy donors were stimulated with phytohemagglutinin at 2 mg/mL (Sigma) for 3 days at 37ЊC and then seeded at cells per well into a 48-6 0.5 ϫ 10 well plate in cell culture medium (RPMI 1640) containing 10% fetal calf serum and interleukin 2 (25 U/mL; R&D Systems Europe). Tonsillar tissues from routine surgery were obtained from the Children's National Medical Center (Washington, DC). Cervicovaginal tissues from routine hysterectomy were obtained through the National Disease Research Interchange (Philadelphia, PA) in accordance with protocols approved by the institutional review board. Tissues were dissected into 2-mm 3 blocks and placed onto collagen sponge gels at the airliquid interface and cultured as described elsewhere [11] .
ProTides synthesis. ProTides were synthesized as described elsewhere [10, 12] .
Viral infection and antiviral assays. Tissue blocks were inoculated with X4 LAI.04 or R5 BaL HIV-1 (Rush University Virology Quality Assurance Laboratory, Chicago, IL) as described elsewhere [11, 13] . MT-4 cells (10 5 cells) were inoculated with 10 mL of viral stock of X4 LAI.04 containing 0.7 ng/mL of p24 gag antigen and cultured for 3 days. HIV replication was evaluated by p24 gag antigen release in MT-4 cell culture medium or in pooled medium bathing 27 tissue blocks using a bead-based assay [10] . CEM cells ( cells/mL) were suspended in 5 4.5 ϫ 10 fresh culture medium and infected with HIV-1 at 100 times the median cell culture infective dose (CCID 50 )/mL of cell suspension, and viral replication was evaluated by giant cell formation 4-5 days later. PBMCs were infected with HIV-1 isolates of different clades (provided by Dr L. Lathey, BBI Biotech Research Laboratories, Gaithersburg, MD) at a final dose of 250 pg/mL (p24 or p27). For human immunodeficiency virus type 2 (HIV-2) p27 Ag detection, the Innotest from Innogenetics was used.
Twenty-seven tissue blocks were inoculated with 5 mL of viral stock of HSV-2 strain G (ATCC) or a clinical acyclovir-resistant HSV-2 isolate [14] containing 1.4 times the median tissue culture infective dose (TCID 50 ). Replication was evaluated by realtime polymerase chain reaction [10] .
The antiviral activities of acyclovir ProTides were investigated in cell lines and in human tissues ex vivo. MT-4 cells were preincubated with acyclovir (Bedford Laboratories), acyclovirmonophosphate, or acyclovir-triphosphate (Moravek Biochemicals and Radiochemicals) at 100 mmol/L overnight, suspended in fresh medium containing various concentrations of compounds and infected with HIV-1. To test the anti-HIV activity of acyclovir ProTides, HIV-1-infected MT-4 cells, CEM cells, PBMCs, or human tissue blocks were incubated with test compounds, and viral replication in treated and untreated cells was evaluated. The results are given as the mean ‫ע‬ standard error of the mean of the concentration required to suppress viral replication by 50% (median effective concentration [EC 50 ]). The value of EC 50 was calculated by fitting the data points to a sigmoidal dose-response curve, with Prism software, (version 4.0; GraphPad).
Viability assays. Viability assays were performed in the MT-4 cell cultures with the Nucleocounter automated cell counting system (ChemoMetec). The numbers of total and dead cells in untreated cultures and in cultures treated with acyclovir ProTides was determined using a propidium iodidebased assay according to the manufacturer's protocol. Data were collected and analyzed using Nucleoview software (version 1.0; ChemoMetec).
Flow cytometry. To assess the cytotoxicity of acyclovir ProTides in human tonsillar tissues after 12 days of culture, cells isolated from untreated tissue blocks and from those treated with acyclovir ProTides were stained for surface markers. Cells were stained with combinations of the following fluorescence-labeled monoclonal antibodies: anti-CD3-QD655, anti-CD4-QD605, anti-CD8-PacificBlue, anti-CD45RA-PECy7, anti-CCR7-APC-Cy7, and anti-Ki67-PE antibodies (Caltag Laboratories). Detection and enumeration of HIV-1-infected cells were performed with intracellular staining by means of anti-p24-PE (Beckman Coulter). Data were acquired and analyzed as described elsewhere [10] . Cell depletion was quantified using Trucount beads (Becton Dickinson) for volumetric control, and cell numbers were normalized by tissue-block weights. 58 ‫ע‬ 2.6 EC 50 value for acyclovir itself was 1250mmol/L. Likewise, acyclovir did not efficiently suppress viral replication in HIV-1 IIIBor HIV-2 ROD -infected CEM cells (data not shown). To improve the potency of phosphorylated forms of acyclovir in inhibiting HIV-1 replication, we designed phosphorylated prodrugs of acyclovir in which the phosphate moiety is protected by lipophilic groups (acyclovir ProTides).
RESULTS

Treatment
Efficient inhibition by acyclovir ProTides of HIV-1 in CD4
+ T cell lines. We designed a variety of ProTides that were based on the structure of acyclovir-monophosphate and investigated their anti-HIV-1 activities. In these compounds, the phosphate group is attached to the acyclovir core and is protected from cleavage caused by extracellular enzymes by lipophilic aryl and aminoacyl ester groups [15] (Figure 1 ). For the current study, we chose 4 acyclovir ProTides, designated as Cf2648, Cf2649, Cf2676, and Cf2681 [10, 12] (Table 1 ). All acyclovir ProTides efficiently and dose-dependently inhibited HIV-1 replication in MT-4 and CEM cell cultures. Their EC 50 values varied from 1.7 to 12 mmol/L ( Table 2 ). The concentrations of ProTides that killed 50% of the MT-4 cells (CC 50 ) were 1150 mmol/L (Table 2) . Nonetheless, ProTides Cf2676, Cf2649, Cf2648, and Cf2681 reduced cell proliferation by 50% (median inhibitory concentration [IC 50 ]) at the concentrations of 12, 19, 34, and 73 mmol/L, respectively. To study the reversibility of the cytostatic effect, we treated cell cultures with ProTide Cf2648 at 50 or 150 mmol/L for 3 days and then washed the drug away. Three days after Cf2648 removal, the number of cells in these cultures had increased 3-fold, an increase similar to that in untreated cultures (2.5-fold). Thus, acyclovir ProTides suppressed HIV-1 replication at concentrations that do not significantly decrease cell viability, whereas at higher concentrations they reversibly slow cell growth.
Inhibition by acyclovir ProTides of HIV-1 replication in PBMCs and in human tissues. As shown in Table 3 , acyclovir ProTides Cf2648 and Cf2649 efficiently inhibited HIV-1 variants of subtypes A, B, C, D, and A/E, including R5 and X4 variants, in PBMCs. We also investigated the anti-HIV activity of ProTides in an in vivo-like system of human lymphoid and cervicovaginal tissue explants. This system retains tissue cytoarchitecture and supports HIV replication without exogenous activation [11, 13, 16, 17] . Blocks of human tonsillar tissue were treated with ProTides overnight and infected with a prototypical X4 variant of HIV-1 (HIV-1 LAI.04 ). Acyclovir ProTides were present during the entire culture period. The absolute HIV replication level in tissues from different donors varied from 3.1 to 15.8 ng/mL. The EC 50 value for acyclovir ProTides Cf2648 and Cf2649 was mmol/L ( ) and 1 ‫ע‬ 0.4 n p 4 0.14 ‫ע‬ mmol/L ( ), respectively ( Figure 2A ). Next, we com-0.03 n p 5 pared the numbers of HIV-infected cells in tissues treated with ProTide Cf2649 and in untreated tissues. On day 12 after infection, using flow cytometry we evaluated the fraction of p24 + CD8 Ϫ T cells in ProTide-treated and control tissues ( Figure   2B ). This fraction includes CD4 + T cells that down-regulated CD4 because of HIV infection [18] . A mean of 3.16% ‫ע‬ CD8 Ϫ T cells in ProTide-treated cultures were infected 1.63% with HIV, whereas in control donor-matched cultures these cells Figure 3A) .
We also investigated whether acyclovir ProTides affected HIV replication after the compounds had been removed. Tonsillar tissue blocks were pretreated with Cf2649 at 1 mmol/L for 1 day; then the drug was removed, and HIV-1 LAI.04 was inoculated. On day 12 after infection, HIV-1 replication was still inhibited by ( ; ). In other experimental con-69.3% ‫ע‬ 2.3% n p 3 P ! .05 ditions, blocks of cervicovaginal tissues were treated overnight with Cf2648 (1 mmol/L) and infected with HIV-1 BaL . For 1 set of tissue blocks, Cf2648 was replenished at each medium change, whereas in another set, it was removed on day 3 after infection and not replenished. In the first case, HIV replication was inhibited by 100% ( ), whereas in the second case, n p 2 HIV-1 replication was suppressed by ( ; 57.1% ‫ע‬ 16.0% n p 4 ). If the concentration of Cf2648 was increased to 5 P ! .05 mmol/L, 3-day incubation followed by drug removal resulted in ( ; ) inhibition of HIV replication 90.3% ‫ע‬ 9.2% n p 3 P ! .05 on day 12 after infection.
Finally, in a complementary set of experiments ( ), tonn p 3 sillar tissue blocks were first infected with HIV-1 LAI.04 and then treated with acyclovir ProTide Cf2649 (1 mmol/L) at different time points between day 0 and day 6 after infection. HIV-1 replication was inhibited by if the treatment 96.9% ‫ע‬ 3% started simultaneously with infection, if the 94.4% ‫ע‬ 5.5% treatment started 2 days after infection, if the 90.2% ‫ע‬ 9.8% treatment started 4 days after infection, and if 54.1% ‫ע‬ 13.5% the treatment started 6 days after infection. Only a 6-day delay of treatment with acyclovir ProTides resulted in lower HIV-1 inhibition, although it was statistically not significant (P p ). .055
Inhibition by acyclovir ProTides of HSV-2 and HIV-1 replication in coinfected human tissues. We investigated the ability of acyclovir ProTides to suppress HSV-2 in singly infected human lymphoid tissues and in tissues coinfected with HIV-1. We infected blocks of human tonsillar tissues with HSV-2 (strain G) and treated them with 1 mmol/L acyclovir ProTide Cf2648, which was maintained throughout the entire culture period. On day 12 after infection, HSV-2 replication was suppressed by ( ). Acyclovir ProTide Cf2648 99.6% ‫ע‬ 0.3% n p 4 was also active in suppressing an HSV-2 variant that does not encode for a functional thymidine kinase and thus is resistant to acyclovir [14] : replication of this HSV-2 variant was inhibited by ( ), whereas acyclovir showed no in-94.9% ‫ע‬ 5.1% n p 2 hibition at 10 mmol/L.
In HIV-1-and HSV-2-coinfected human lymphoid tissue, the acyclovir ProTides retain their inhibitory activity against both viruses: 1 mmol/L Cf2648 inhibited the replication of HIV by ( ; ) ( Figure 3B ) and that of HSV-81.1% ‫ע‬ 5.9% n p 5 P ! .01 2 by ( ; ) ( Figure 3C ). Treatment 99.6% ‫ע‬ 0.2% n p 5 P ! .01 with acyclovir ProTides reduced the mean production of p24 gag in culture medium from to ng/mL in HIV-13.2 ‫ע‬ 4.6 3.6 ‫ע‬ 1.6 1-and HSV-2-coinfected tissues. Thus, acyclovir ProTides efficiently suppress replication of HIV-1 and its common copathogen HSV-2 in coinfected human tissues.
DISCUSSION
Drugs that directly suppress HIV play a major role in containing AIDS epidemics. However, it is becoming clear that other viruses that infect the human body before or after HIV infection play a significant role in HIV transmission, pathogenesis, and disease. Therefore, the development of drugs that not only target HIV directly but also affect HIV by suppressing coinfecting viruses may be a valid strategy for therapy for HIV infection. Here, we describe such a drug that suppresses both HIV-1 and HSV-2, one of the viruses that is commonly associated with HIV-1 infection and that facilitates HIV-1 transmission and pathogenesis.
Acyclovir was designed to suppress HHVs, in particular HSV-2 [9] . Its potency and specificity against HSV-2 and some other HHVs are based primarily on the unique ability of HHV nucleoside kinases to phosphorylate acyclovir and thus enable its eventual conversion into the 5 -triphosphate form, which is an HHV DNA chain terminator. Nonherpetic viruses, including HIV, lack such nucleoside kinase activity, and therefore acyclovir is inactive against them. However, recently we found that phosphorylated acyclovir is capable of terminating not only the elongation of HHV DNA but also that of HIV-1 DNA [10] . This occurs in tissues coinfected with HSV-2 (or with other HHVs capable of phosphorylating acyclovir) and HIV-1, but not in HHV-free systems [10] . However, acyclovir would be inactive against HIV-1 in tissues infected with HSV variants that have nonfunctional thymidine kinase (acyclovir-resistant HSV) and in tissues in which HHVs are absent, are not replicating, or phosphorylate acyclovir inefficiently. Thus, the anti-HIV activity of acyclovir heavily depends on HHV nucleoside kinases.
Here, we describe masked phosphorylated acyclovir derivatives (acyclovir ProTides) that suppress HIV-1 replication independently of HHV nucleoside kinases. The ProTide strategy has been successfully used in designing an abacavir-based drug against hepatitis B virus [19] , 2 ,3 -didehydro-2 ,3 -dideoxythymidine (d4T)-and L-carbocyclic-2 ,3 -didehydro-2 ,3 -dideoxyadenosine (L-C-d4A)-based agents against HIV-1 [20] [21] [22] , and a 4 -azidonucleoside-based drug against hepatitis C virus [23] , as well as in several cancer studies [24, 25] .
In this study, we used the ProTide strategy to deliver intracellularly phosphorylated acyclovir. Inside the cells the ProTides undergo ester hydrolysis and spontaneous aryl loss, followed by P-N cleavage, resulting in a release of free acyclovir-monophosphate that is further converted into acyclovir-triphosphate, which terminates HIV-1 DNA elongation. In contrast to other nucleoside reverse-transcriptase inhibitors (NRTIs), such as tenofovir and adefovir, which are "stable" acyclic purine nucleoside phosphonate analogues, phosphorylated acyclovir is to our knowledge the first known nonphosphonate acyclic nucleoside analogue that inhibits HIV-1 reverse transcriptase.
We evaluated acyclovir ProTide activity in 2 experimental models of HIV infection: single-cell cultures (T cell lines or PBMCs) and ex vivo human lymphoid and cervicovaginal tissues in which the gross cytoarchitecture and local microenvironment are preserved and in which anti-HIV drugs have already been evaluated [17, 26] . In these tissues 1 mmol/L acyclovir ProTides was sufficient to inhibit HIV-1 replication by 75%-100%, and the EC 50 values were as low as 0.14-1 mmol/ L. In cell lines (MT-4 and CEM), acyclovir ProTides suppressed HIV-1 replication with an EC 50 value between 1.7 and 12 mmol/ L, whereas in PBMCs, the EC 50 values ranged between 4.9 and 55 mmol/L. The lower potency of acyclovir ProTides in PBMCs and cell lines compared with that in tissues may be related to the level of cell activation and proliferation. Immortalized cell lines and phytohemagglutinin-stimulated PBMCs have high concentrations of intracellular pyrimidine and purine nucleotides, in particular 2 -deoxyguanosine-5 -triphosphate (dGTP) [27] , which competes with acyclovir-triphosphate for DNA chain incorporation by HIV-1 reverse transcriptase. However, because the critical events of HIV pathogenesis in vivo occur in tissues, the system of human tissues ex vivo that supports HIV production without exogenous activation or stimulation appears to be more adequate.
To suppress HIV-1 replication in tissues, acyclovir ProTides do not need to be present permanently: despite removal of the drugs several days after infection, inhibition of HIV-1 replication was sustained. It is conceivable that the block of the initial infection or the maintenance of effective intracellular drug concentrations even after the drug is removed from the culture medium could be responsible for sustained HIV inhibition.
HIV replication was significantly inhibited either by brief exposure to an acyclovir ProTide followed by its removal or by delay of treatment. Thus, on the timescale of our experiments, acyclovir ProTides can be applied before or after HIV infection, or removed during the course of infection, and still significantly suppress HIV-1 replication in human tissues ex vivo. Moreover, acyclovir ProTides appeared to inhibit a variety of HIV-1 isolates, irrespective of viral subtype and coreceptor tropism.
Importantly, none of the tested acyclovir ProTides killed cells in tissues or cell lines. Flow cytometry of tissue cells treated with acyclovir ProTides, even at a concentration 10 times higher than the EC 50 value, did not reveal depletion of CD4 + and CD8 + T cells or of their subsets, naive, T CM , T EM , and T EMRA cells.
Neither did we observe cell death in cell line cultures with the acyclovir ProTides at a concentration as high as 150 mmol/L. However, it cannot be excluded that prolonged application of these compounds in vivo may reveal mitochondrial poisoning, which often takes several months to materialize in the case of the most toxic NRTIs [28] . The tested compounds, although nontoxic, were cytostatic in vitro, but at concentrations clearly higher than their EC 50 values. Furthermore, the cytostatic effect was reversible because after removal of the compound, cells proliferated at the same level as that in untreated controls. The cytostatic effect of the acyclovir ProTides was not observed in ex vivo tissues, because presumably cell proliferation was negligible in this system [29] . Although acyclovir ProTides inhibit HIV, they also retain their antiherpetic activity. In coinfected lymphoid and cervicovaginal human tissues, acyclovir ProTides efficiently inhibited both viruses. Furthermore, they suppressed an acyclovir-resistant strain of HSV-2 both in cell lines [12] and in ex vivo human tissues. These findings clearly demonstrate that the activity of acyclovir ProTides is entirely independent on the virusinduced thymidine kinase.
The dual inhibitory activity of ProTides is important, because such drugs may interrupt a vicious circle of mutual facilitation of HSV-2 and HIV coinfections. In particular, HSV-2 infection results in an increased risk of HIV-1 acquisition and transmission because of HSV-induced disruption of genital mucosa, recruitment of activated cells, and increase of HIV-1 genital and plasma loads [30] [31] [32] [33] . In turn, HIV-1 infection increases the frequency of HSV-2 reactivations and its mucosal shedding [34] .
Strategies to control HSV-2 in HIV-1 prevention and care are now being tested in several clinical trials. As of this writing, 2 targeted clinical trials have failed to demonstrate a protective effect of HSV-2 suppression on HIV-1 acquisition [35, 36] . However, these trials were marked by low drug dosage, as well as by low adherence and behavioral disinhibition [37] [38] [39] [40] . On the other hand, in HSV-2-positive individuals who were already infected with HIV-1, suppression of HSV-2 with acyclovir or its prodrug valacyclovir resulted in HIV-1 load decrease in plasma and genital, rectal, and seminal compartments [41] [42] [43] [44] [45] [46] . Thus, the pronounced antiherpetic activity of acyclovir ProTides [12] , in combination with their anti-HIV activity, seems to be an advantage of these compounds that can be used in the framework of these new strategies.
In conclusion, the anti-HIV activity of acyclovir ProTides, in conjunction with their potent antiherpetic activity, makes them prototypes of new dual-targeted antivirals. Such drugs allow the suppression of both HIV and HSV-2, a copathogen that significantly enhances HIV-1 sexual transmission and acquisition. These antivirals, structurally based on acyclovir and intracellularly delivered by means of the ProTide strategy, may become valuable components of future anti-HIV drug cocktails.
